Abstract. This work reports about the gettering efficacy of boron silicate glass (BSG) and phosphorus silicate glass (PSG) deposited by Atmospheric Pressure Chemical Vapour Deposition (APCVD) on p-type multicrystalline silicon (mc-Si). Effective minority charge carrier lifetimes (τeff) and interstitial iron concentrations ([Fei]), measured spatially resolved after APCVD PSG deposition, reveal a low temperature gettering effect prior to diffusion. The effect is also observed in samples only exposed to the PSG deposition temperature profile and thus expected to be caused by internal gettering at grain boundaries or sample surfaces. Diffusion gettering with APCVD PSG turned out to be an effective step to reduce [Fei]. In contrast, diffusion of APCVD BSG did not result in notable gettering. However, the gettering efficacy of PSG in a simultaneous co-diffusion step of PSG and BSG is sufficient to result in τeff and [Fei] values comparable to both-sided APCVD PSG diffusion. The lifetime improvements due to internal and external gettering are mostly traced back to the reduction of Fei.
INTRODUCTION
In an APCVD glasses based doping process the deposition of doped glasses is decoupled from the high temperature diffusion. APCVD systems are usually construed as inline tools which carry the wafers horizontally. The deposition of the doped glasses takes place at moderate temperatures (T <700°C) within seconds. The diffusion of the dopants into the silicon substrate follows in an oxidation tube furnace. This allows a high level of adjustability and controllability of the process and enables simplifications and cost-reductions in, e.g., PERT (Passivated Emitter, Rear Totally diffused) solar cell production processes. In common bifacial PERT solar cell production emitter and BackSurface-Field (BSF) are produced subsequently. Usually PSG / BSG layers are grown and simultaneously diffused from gaseous POCl 3 / BBr 3 precursors. Hence PSG or BSG naturally grow on both sides of a wafer. Consequently, several additional process steps compared to conventional solar cell processes, e.g. capping or one-sided etch-back, are necessary [1] .
In contrast, APCVD systems feature single-sided horizontal depositions. As a result, the PSG deposition can be conducted directly after the BSG deposition (and vice versa) without further steps in between. Subsequent emitter and BSF formation can be carried out in one simultaneous co-diffusion process. Additionally, as APCVD BSG / PSG are deposited prior to diffusion, little or even no spacing in the diffusion furnace is necessary. Thereby a tremendous increase of throughput in the diffusion process is conceivable. Altogether, the use of APCVD systems enables fast and uncomplicated simultaneous emitter and BSF formation which allows considerable simplifications of, e.g., PERT solar cell production processes.
However, the linchpin of the entire process is effective gettering of impurities. Phosphorous diffusion gettering (PDG) employing APCVD PSG was already demonstrated by means of lifetime measurements [2] . This work provides a deeper insight and unravels individual influences of the applied process steps. boron doped mc-Si samples from the edge of an industrial G5 ingot were analyzed. The samples have an initial thickness of about 180 µm and come from neighboring positions in height to ensure a similar grain and defect structure (sister wafers).
All samples underwent either one or a combination of two APCVD processes. The influence of the sole temperature impact during deposition was resolved by inducing N 2 during the APCVD BSG and PSG deposition instead of the process gases. In order to further separate the influences of APCVD deposition at moderate temperature from high temperature diffusion, some samples have not been diffused. All samples underwent the same subsequent steps for BSG / PSG and emitter / BSF removal to provide comparable process influences and an equal thickness. Both surfaces were passivated by 75 nm remote PECVD SiN x :H which was fired at 850°C peak set temperature (Fig. 1 ). The impact of the different process step sequences on τ eff was measured spatially resolved with Time Resolved PhotoLuminescence Imaging (TR-PLI) [3] . [Fe i ] was determined according to the well-established method introduced by Zoth and Bergholz which uses the different recombination activities of Fe in its interstitial and FeB state [4] . Spatially resolved [Fe i ] maps were calculated using the generalization of the method for arbitrary injections and doping concentrations published by Macdonald et al. [5, 6] . 
RESULTS AND DISCUSSION

Internal Gettering
Sample F which was only cleaned and surface passivated serves as reference for the gettering investigations. The lower part of the analyzed samples is close to the crucible edge where the lowest τ eff and highest [Fe i ] values are expected [7] . The spatially resolved τ eff measurement of reference sample F shows a good agreement with the expectation. Additionally, the highest Fe i concentrations appear in the lower part of the sample in connected areas which correspond to the lowest effective minority charge carrier (τ eff ) areas. Optical Grain Boundary (GB) measurements revealed that these regions are around the GBs. Surprisingly yet after the APCVD PSG deposition, the overall τ eff of all samples (C, D, E, C*, D*, E*) increases accompanied by a decrease of [Fe i ]. As all samples were passivated equally, the difference to sample F cannot be explained by SiN x :H gettering [8] . SiN x :H gettering may occurred too, though it is not the origin of the observed effect. Interestingly, the increase in τ eff and decrease of [Fe i ] is also observed in all samples only exposed to the PSG deposition temperature profile (C*, D*, E *). The entire PSG deposition process takes several minutes at moderate temperatures and reaches a peak of about 550°C. As the effect occurs in samples C*, D*, E* and C, D, E alike (Fig. 2 , compare D and E*), the only possible explanation is an effect caused by the sole temperature impact and is therefore ascribed to an internal gettering effect. Internal gettering in mc-Si only due to temperature was also observed by Krain et al. [9] . The authors report about a huge reduction of [Fe i ] within minutes due to annealing at 500°C. The authors explain the [Fe i ] reduction by segregation to crystallographic defect sites, maybe accompanied by formation of iron silicide precipitates. In our experiment the high [Fe i ] values in the areas around the GBs vanish on account of PSG deposition temperature, and the influence of the crucible wall is hardly visible anymore. Therefore, we assume that Fe i segregates either to the GBs or to the sample surfaces were it forms less lifetime influencing defects.
The BSG deposition has no noticeable effect on τ eff or [Fe i ] (Fig. 2, B) . It takes place at lower temperatures than the PSG deposition and reaches a peak of only about 430°C. Most likely the BSG deposition temperature load is insufficient to getter significant amounts of impurities during the relatively short deposition.
External Gettering
The co-diffusion step at high temperature (840°C plateau for 75 min) effects a further τ eff improvement and [Fe i ] decrease in APCVD PSG diffused samples I and K. In contrast, τ eff and [Fe i ] values of all samples previously exposed to only the APCVD temperature profiles get worse during diffusion. Thus the [Fe i ] reduction due to diffusion from APCVD PSG is ascribed to an external gettering effect towards the surface layer. After co-diffusion [Fe i ] and τ eff values of samples with PSG on just one side resemble the values measured on samples with PSG on both sides (Fig. 3,  samples I and K) . Accordingly, single-sided APCVD PSG diffusion is sufficient to reach the maximum gettering efficacy. An external gettering effect of the APCVD BSG diffusion cannot be clearly demonstrated (sample H) yet, but is possible in principle. . Consequently, the internal gettering effect due to APCVD PSG deposition temperature (Fig. 3 , samples C, D, E, C*, D*, E*) as well as the external gettering effect due to the PDG (Fig. 3, samples I 
CONCLUSIONS
This work reports about the gettering efficacy of boron silicate glass (BSG) and phosphorus silicate glass (PSG) deposited by Atmospheric Pressure Chemical Vapour Deposition (APCVD) on commercial multicrystalline p-type silicon (mc-Si). Spatially resolved effective minority charge carrier lifetimes (τ eff ) and interstitial iron concentrations ([Fe i ]) measured after APCVD PSG deposition reveal a low temperature gettering effect prior to diffusion. The effect is also observed in samples exposed to the PSG deposition temperature profile and thus expected to be caused by internal gettering at grain boundaries or surfaces. Diffusion gettering from APCVD PSG turned out to be very effective in contrast to BSG diffusion. However, simultaneous co-diffusion of phosphorous (P) and boron (B) 
